Potato starch consolidation of aqueous HA suspension  by Ahmed, Y.M.Z. et al.
PY
a
b
a
A
R
R
2
A
A
K
H
R
C
S
S
1
b
p
a
d
f
e
e
c
s
a
r
m
a
h
o
i
H
i
C
h
2Journal of Asian Ceramic Societies 3 (2015) 108–115
Contents lists available at ScienceDirect
Journal  of  Asian  Ceramic  Societies
HOSTED BY
j ourna l ho me  pa ge: www.elsev ier .com/ locate / jascer
otato  starch  consolidation  of  aqueous  HA  suspension
.M.Z.  Ahmeda,  E.M.M.  Ewaisa,∗, S.M.  El-Sheikhb
Refractory and Ceramic Materials Division, Central Metallurgical Research and Development Institute, CMRDI, P.O. Box: 87 Helwan, 11421 Cairo, Egypt
Nano-Structured Materials Division, Central Metallurgical Research and Development Institute, CMRDI, P.O. Box: 87 Helwan, 11421 Cairo, Egypt
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 14 October 2014
eceived in revised form
7 November 2014
ccepted 30 November 2014
vailable online 16 December 2014
a  b  s  t  r  a  c  t
The  inﬂuence  of  the  addition  of different  amount  of native  potato  starch  on  both  the  rheological  prop-
erties  and consolidation  of  the  dispersed  hydroxyapatite  powder  in aqueous  media  were  thoroughly
investigated.  The  amount  of  native  potato  starch  addition  has  ranged  from  10  to  40 vol.%.  The  results
indicated  that  the  rheological  properties  of the  hydroxyapatite  suspension  were  improved  with  addi-
tion  of  potato  starch.  The  potato  starch  and HA  particulates  were  found  to  be  homogeneously  distributed
through  SEM  investigation.  The relative  density  and  the  compressive  strength  of  the consolidated  slurrieseywords:
ydroxyapatite
heological properties
alcination temperatures
tarch consolidation technique
intering
were  increased  with  the  increase  of the  starch  amount  till  30 vol.%  addition  and  then  decreased  thereafter.
Porous  3D-HA  sample  would  produce  from  the  sintering  of green  sample  via  consolidation  technique  at
1300 ◦C  for 2 h.  The  porous  sample  was  found  to possess  apparent  porosity  of  about  50%  with  sufﬁcient
compressive  strength.
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Hydroxyapatite (HA) [Ca10(PO4)6(OH)2] is one of the most
iocompatible ceramics because of its signiﬁcant chemical and
hysical resemblance to the mineral constituents of human bones
nd teeth. It is a bioactive ceramic compound widely used as pow-
ers or in particulate forms in various bone repairs and as coatings
or metallic prostheses to improve their biological properties. It has
xcellent biocompatibility, bioactivity and osteoconduction prop-
rties. HA is the most thermodynamically stable calcium phosphate
eramic compound nearest to the pH, temperature and compo-
ition of the physiological ﬂuid. Recently, HA has been used for
 variety of biomedical applications, including matrices for drug
elease control. Due to the chemical similarity between HA and
ineralized bone of human tissue, synthetic HA exhibits a strong
fﬁnity to host hard tissues. Formation of chemical bond with the
ost tissue offers HA a greater advantage in clinical applications
ver most other bone substitutes, such as allograft or metallic
mplants [1]. However, the main drawbacks in the application of
A ceramics are its poor mechanical properties and the difﬁculties
n manufacturing parts of complex shapes [2].∗ Corresponding author. Tel.: +20 238621782; fax: +20 225010639.
E-mail address: dr ewais@hotmail.com (E.M.M. Ewais).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2014.11.007
187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. ProducRecently, great efforts have been established to surmount these
problems through innovations and development of the current
processing techniques for achieving more reliable bioceramics bod-
ies. Among these techniques, colloidal processing of the advanced
ceramics has received an increased amount of attention [3]. The
attention is not only for the improved microstructural control and
homogeneity that is achievable through this approach, but also
for its potential to apply some emerging approaches or innovative
concepts of processing [4–6]. Near-net shape forming, gel casting,
short-range steric force and salt induced plasticity are good exam-
ples. A key to understanding these advantages and potentials is the
ability to tailor suspension properties to produce a range of desired
behavior, from a well-stabilized state to a weekly and even strongly
ﬂocculated state. Direct consolidation of the well-stabilized sus-
pension has been recognized as one of the novel processing routes
based colloidal process. It offers the potential to fabricate near-
net complex shape of small to large components with controlled
porosity, defects as well as density. Through this technique, tail-
oring a component similar to the human bone can be performed.
It is worth noting that powders must be completely dispersed so
that no aggregate formation happens, because the aggregates could
generate ﬂaws in the ﬁnal sintered product causing reductions in
the strength and reliability [7]. Second, the stabilized suspension
must have low viscosity and can be easily poured. This means that
the rheological properties of the dispersed ceramic powders play
an important role in the properties of the ultimate product. The
basic principles of this route, the consolidation of the suspension
tion and hosting by Elsevier B.V. All rights reserved.
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r transformation of the slurry to the solid body is done without
iquid removal.
The starch consolidation route for ceramic slurries as one of
he consolidation processes has been widely explored. In this pro-
edure, the starch is loaded in the aqueous slurry of the ceramic
owders [8,9], and then heated at a temperature range of 55–80 ◦C
fter casting in non-porous mold, the slurry transforms into a solid
art thereafter [10]. The mechanism of consolidation is carried
ut via growth of starch particles as a result of the slurry water
bsorption causing ceramic particle agglomeration. Upon the dila-
ion of the starch particles, it acts as a binder allowing the solid
ody extraction of the mold once drying takes place [7]. This tech-
ique has been successfully applied to process pure oxide ceramics
8–12], mullite [13,14] and cordierite ceramics [15,16]. Neverthe-
ess, the processing of hydroxyapatite via this technique seems to
e modest or it is still quite rare. The main advantage of using
tarch as a consolidating agent for ceramic slurries compared to
he other biopolymers and natural polysaccharides is back to its
hemical purity that secures residual-free during starch burnout.
n addition, it is economically cheap and environmental-friendly
echnology for implementation in ceramic processing to produce
eramic materials with various applications [17].
The key point in deciding the effectiveness of applying this
echnique in fabricating ceramic green body is the preparation of
ell-dispersed ceramic suspension. The suspensions must possess
ptimum rheological properties in order to be suitable for being
sed in this technique. The effect of different starch amount addi-
ion on the rheological properties of ceramic suspension is rare.
owever, to the best of our knowledge, till date no report has
ver mentioned the inﬂuence of starch amount on the rheology
f hydroxyapatite suspension.
In this manuscript, the inﬂuence of the addition of different
mount of native potato starch on both the rheological properties
nd consolidation of the dispersed calcined hydroxyapatite pow-
er in aqueous media in presence of Acumer 9400 was  thoroughly
nvestigated. After consolidation of the slurries, the green parts
roduced were evaluated.
. Experimental and procedures
.1. Materials
The hydroxyapatite powder utilized in this investigation was
rought from Riedel-de Haen Co., Seelze, Germany. A stock of the
owder was calcined at 1100 ◦C. The various properties of both as
eceived and calcined powders were shown in Table 1.
The dispersant applied in this investigation is Acumer 9400
hich was supplied from The Dow Chemical Company, Midland,
ichigan, USA. It is a water-soluble sodium salt polymer used to
isperse and stabilize high-solids mineral slurries. It is an anionic
ispersant of sodium polyacrylate polymer (SPA) of solid content
1–43 wt.% with a molecular weight of 3000–4000 g/mole.
The potato commercial starch used in this work was supplied byl-Gomhoria Company, Egypt. This starch did not have any physical
r chemical modiﬁcation. It was chosen mainly due to its low cost
nd easy reproducibility.
able 1
roperties of both as received and calcined HA powder.
As received powder Powder calcined at 1100 ◦C
Mean particle size, m 3.389 16.887
Surface area, m2/g 73.867 1.895
Pore volume, cc/g 0.119 0.002
Zeta potential, meV −13 −36.7ramic Societies 3 (2015) 108–115 109
2.2. Processing
Suspensions from hydroxyapatite powders calcined at 1100 ◦C
were prepared by adding the predetermined amount of powder
gradually to a predetermined amount of bi-distilled water with a
continuous stirring. The Acumar required to stabilize the HA parti-
cles (3.5 wt.% based solids) was  dissolved in bi-distilled water and
then added. The pH of the mixtures was adjusted at 11. The solid
loading of suspensions was adjusted at 59 vol.%. Afterwards, the
suspensions were then mixed in a planetary mill for 24 h using
zirconia balls to avoid the agglomeration [18] and to allow the
deﬂocculant to adsorb onto the particle surfaces. The volume of
suspension was kept twice the total volume of the balls to avoid
grinding of powder during mixing [19]. The HA suspensions were
then transferred into new pots and 10–40 vol.% potato starch was
added and mixed under vigorous contentious mechanical stirring
for 3 h to ensure the homogenization of the suspensions. The total
solid loading (HA and potato starch) of all suspensions was  kept
constant at 59 vol.%. Taking into consideration that the density of
potato starch is ∼1.45 g/cm3, which is much lower than that of
hydroxyapatite of 3.156 g/cm3. The adjustment of the solid load-
ing was achieved via the addition of predetermined amounts of
distilled water during the addition of potato starch to the HA
suspension. After 3 h of vigorous mechanical stirring for homog-
enization and conditioning, the suspensions were then ready for
casting. This adjustment of the solid loading was carried out for
making the only variable during rheological study and green sample
properties is the amount of added starch. After casting the suspen-
sions into non-porous molds, those were heated in a dryer at 80 ◦C
for 24 h. The produced green samples were then subjected ﬁrstly
to binder removal prior to sintering step. The removal of starch
was performed in a mufﬂe furnace (Nabertherm, Germany) at a
controlled heating rate to prevent blistering, cracking, or delami-
nating. Then the sintering of the green samples was performed in
the same furnace. The green samples were sintered at 1300 ◦C for
2 h with a heating rate of 5 ◦C/min.
2.3. Characterizations
The particle size distribution of the powders was  determined by
the laser diffraction method (FRITSCH Model ANALYSETTE 22, Idar-
Oberstein, Germany). The speciﬁc surface area (SBET) as well as the
pore volume of the powders was determined by BET method using
a surface area analyzer (Autosorb-1, Quantachrome Instruments,
USA).
Zeta potential measurements were measured by a laser Zetame-
ter (Malvern Instruments Model Zetasizer 200). A 0.1 g of sample
was placed in 50 ml bi-distilled water with pH modiﬁers. The ionic
strength of the medium was adjusted by adding 0.02 M NaCl solu-
tion. The suspension was conditioned for 30 h during which the
pH was  adjusted. After shaking, the equilibrium pH was recorded.
10 ml  of the suspension was transferred into a standard cell for zeta
potential measurement. Suspension temperature was  maintained
at 25 ◦C. Zeta potential was measured as a function of pH. 1 M HNO3
and 1 M NaOH were used to adjust the pH. Five measurements were
taken and the average was  reported as the measured zeta poten-
tial. The isoelectric point (IEP) was  identiﬁed at the pH axis crossing
point.
Steady and dynamic shear rheology of the samples was  deter-
mined using a Bohlin Rheometer (Bohlin Instruments Ltd., UK) with
a cone-and-plate geometry. Experiments were performed at 25 ◦C.
In all experiments, a cone of radius 60 mm with a cone angle of 4.0◦was used. Each sample was transferred to the rheometer plate at the
desired temperature and excess material was wiped off with a spat-
ula. Steady shear (shear stress and shear rate) data were obtained
over a shear rate range of 1.0–100 s−1 at a constant temperature
1 ian Ceramic Societies 3 (2015) 108–115
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material under certain conditions. The higher the value of the con-
sistency index K is the greater the apparent viscosity and vice versa.
In this work, the consistency index K decreased with the increase
Table 2
The value of Ostwald equation parameters for calcined HA at 1100 ◦C.
Starch content, vol.% Parameters
k n R
0 5.22 0.3 0.9610 Y.M.Z. Ahmed et al. / Journal of As
25 ◦C). In order to describe the variation in the rheological prop-
rties of samples under steady shear, the data were ﬁtted to the
ell-known power law model (Eq. (1)), which is used extensively
o describe the ﬂow properties of non-Newtonian liquids in the-
retical analysis as well as in practical engineering applications
20]:
 = Kn (1)
here  is the shear stress (Pa),  is the shear rate (s−1), K is
he consistency index (Pa s), and n is the ﬂow behavior index
dimensionless). The steady shear rheological measurements were
onducted in triplicate. The reported results were expressed as an
verage of the three measurements.
Dynamic strain sweep experiments were conducted at an
pplied frequency of 1 rad/s and at applied strains ranging from
.001% to 100% to investigate the onset of nonlinear viscoelastic
egion (VE) behavior. Bohlin Rheometer Data Analysis software was
sed to obtain the experimental data and to calculate the storage
odulus (G′) and loss modulus (G′′) as a function of strain%. These
heological measurements were performed in triplicate.
Morphology of both green and sintered samples was  examined
sing scanning electron microscope (JEOL-JSM-5410 Tokyo, Japan)
quipped with EDX unit (England, Oxford, ANCK).
The bulk density and apparent porosity for a both green and
inter samples were determined by Archimedes immersion tech-
iques. The porosity as well as the pore size distribution of the
intered samples was determined by Hg-intrusion porosimeter
Poresizer 9320, Micrometrics, USA). The compressive strength
est was performed in order to evaluate the mechanical prop-
rties of the produced sintered samples. Samples consisting of
ylindrical bars (12 mm  in diameter and 12 mm in length) were
elected and the compressive tests were performed at a crosshead
peed of 0.5 mm/min  using a universal testing machine. The com-
ressive strength was evaluated from the maximum point of the
tress/strain graph, which occurs when the ﬁrst crack appeared in
he samples. The average of three samples was taken as the measure
f the compressive strength of the sample.
. Results and discussion
.1. Rheological behavior of HA–potato starch suspension
Fig. 1a and b shows the evolution of steady state viscosity
nd shear stress as a function of the shear rate for HA–starch
uspensions. The results observed indicate that viscosity of the
uspensions decrease with the increase of shear rate and exhibit
hear thinning behavior. On the other hand, at low shear rate, the
iscosity was found to be highly reduced with increasing potato
tarch addition (shown in the inset of Fig. 1a). The signiﬁcant reduc-
ion of viscosity of the HA–(0–20 vol.%) potato starch suspensions
as observed over whole shear rate range, i.e. steady state vis-
osity decreased its value by more than 95% when shear rate was
ncreased from 0.1 to 100 s−1. The minimum viscosity corresponds
o the best dispersion of suspension, i.e. a suspension system free
rom signiﬁcant ﬂocculation of raw powder. Thus, it can be handled
asily and used successfully for casting. In contrast, the suspensions
ontaining 30 and 40 vol.% potato exhibited a reduction of the vis-
osity value to reach ∼95% and 87% when the shear rate increased
rom 0.01 to 28.9 and 0.01 to 7.15 s−1, respectively. Afterward, the
iscosity increased with increase of shear rate for both suspensions.
his means that high shear rate region for these two  suspensions
ust be avoided if the casting process will be achieved under shear.
In order to understand the measured ﬂow curves, the shear
tress () of HA–potato starch suspensions versus shear rate ()
ata at 25 ◦C were well ﬁtted to the simple power law modelFig. 1. Rheological properties of HA + potato starch suspensions in terms of (a) vis-
cosity shear rate and (b) shear rate–shear stress relationships.
(Eq. (1)) with high determination coefﬁcients (r2 = 0.96–0.99), as
shown in Table 2 and Fig. 1. The higher the value of the consis-
tency index is, the greater the apparent viscosity. The power law
index is linked to apparent viscosity dependence on shear rate; n
is equal to 1 for Newtonian ﬂuids, higher than 1 for dilatant ﬂu-
ids and lower than 1 for pseudoplastic ﬂuids. All samples exhibit
typical shear-thinning (or pseudoplasic) behavior with values of
ﬂow behavior indices (n) as low as 0.30–0.54. The lowest ‘n’ value
recorded without starch indicating that the HA suspension, sug-
gesting a non-Newtonian ﬂuid regime with pseudoplasic behavior.
However, the increased ‘n’ values to 0.54 with the increase of starch
concentration up to 40 vol.%, indicating that the HA–starch sus-
pensions are still deviated from Newtonian ﬂuid but it proceeds
toward high shear thinning tendency or Newtonian behavior (n = 1),
showing a dependence on starch content.
Since the K value has a direct relationship with the viscosity (see
Eq. (1)) it can be used to represent the viscosity characteristics of a10  3.4 0.5 0.98
20  2.23 0.42 0.95
30  1.9 0.46 0.99
40  1.1 0.54 0.99
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lig. 2. The chemical structure and the behavior of starch components in the aqueou
f  amylopectine between the HA particles in the aqueous media.
f the starch content. This can be explained by the interaction of
he starch with water, anionic polyacrylate and HA.
The recorded ﬂow behavior of these suspensions (viscosity
nd shear stress) can be attributed to the starch morphology.
he starch is polysaccharide, which typically consists of two
ypes of macromolecules composed of differently linked glucose
onomers. The starch strands as well as the macromolecular struc-
ure differ in a pronounced way. The glucose units are arranged
n alternating order. Furthermore, starch consists of two  types of
acromolecules, amylose and amylopectin. Amylose is largely lin-
ar polymer with regularly repeated hydroxide bonds as shown in
ig. 2a. For more complex macromolecule amylopectin, the major-
ty of bonds are constituted by hydroxide bonds as well. However,
ydroxymethyl bonds are reported every 12–17 glucose units or
very 15–30 glucose units. As a result, a tree-like structure (as
hown in Fig. 2a) forms in the solution. The starch signiﬁcantly
ncreases the apparent viscosity particularly at low shear rates. It is
ssumed that the long chains of the starch entangle and intertwine
t low shear forces. At higher shear rates, the polymers direct into
he ﬂow direction, which lowers the apparent viscosity again. The
ode of operation is basically attributed to the effect of the amy-
opectin, which spreads out in solution into its tree-like structure,a: (a) chemical structure of amylose and amylopectin and (b) the tree-like structure
thus keeping particles in the distance, to avoid segregation (Fig. 2b).
The effect therefore mainly affects the yield stress at rest and does
not show strong inﬂuence on the plastic viscosity. The molecular
weight of starch may  play a minor role for the stabilizing effect and
the ratio between amylose and amylopectin may  be of signiﬁcantly
higher importance.
Also, the presence of inter- and intra-hydrogen bonding among
the glucose units of starch, starch strands, water, dispersant (poly-
acrylate anions) and HA affects signiﬁcantly on the suspension
stability and its ﬂow under shear. However, these inter-particle
networks are weak and undergo a gradual breakdown with increas-
ing shear rate, causing the typically observed decrease in viscosity
of slurries [21,22]. Therefore, the suspensions exhibit shear thin-
ning behavior.
The weakening of inter-particle network with the increase of
starch content, as inferred from the above observations is believed
to occur because of the enhanced steric hindrance from glucose
units that are possibly adsorbed onto the polyacrylate molecules.
It was proved that there is competitive adsorption of citric acid
(CA) and poly(vinyl alcohol) (PVA) [23] on the alumina particle sur-
face in aqueous media. It was found that the presence of molecules
like CA that adsorb on particle surface in aqueous media through
1 ian Ceramic Societies 3 (2015) 108–115
e
l
b
l
s
f
f
o
s
d
b
b
k
t
a
t
i
w
w
i
m
w
p
s
a
p
T
c
f
s
l
p
m
f
a
b
3
s
p
i
a
o
t
s
c
s
m
a
i
c
a
o
s
b
t
d
p
s
s
t
c12 Y.M.Z. Ahmed et al. / Journal of As
lectrostatic interaction can reduce the adsorption of molecules
ike PVA that can adsorb on particles surface through hydrogen
ond or other secondary interactions. This means that polyacry-
ate molecules may  be preferentially adsorbed onto the charged
ites at the HA particle surface on the expense of starch molecule.
Since the polymer concentration in water is not maintained
or all tests, intertwinining of polymer seems to be the driving
orce for the signiﬁcant viscosity decrease. Without doubt the effect
f depletion forces as described in [24] induced by non-adsorbed
tarch molecules cannot be neglected in the discussion. However,
ue to the large molecule size of amylopectin, depletion forces may
e mainly induced by a multiple smaller amylose.
Another mechanism that can explain the observed effect would
e the adsorption of small molecules such as amylopectin. Such a
ind of adsorption would add a steric repulsive component, leading
o decrease the viscosity. In case amylopectin adsorbs, this would
dd a bridging component to the mechanism. However, considering
he tree-like structure of amylopectin as well as its enormous size
n the order of ﬁnest particles, the number of adsorbed branches
ould be small compared to the non-adsorbed branches, which
ould make bridges relatively ﬂexible. Furthermore, similar behav-
or was observed by the authors for a high number of different
odiﬁed starches regardless of the presence of different charges,
hich also indicates that the effect of starch on rheology is not
redominantly induced by adsorption mechanisms.
The key factor control the rheological properties of ceramic
lurry in the presence of starch is the effect of a particle-
mylopectin-particle lattice. It can be activated by the closer
article distance of HA, when added above a threshold dosage.
his effect is similar to that of depletion, where the large parti-
les cannot access a zone in between two particles, however, the
orces are lesser induced by osmotic pressure but rather by the pure
ize of molecule. This means, the huge amylopectin structures act
ike springs-or rather like deformable particle-between the ﬁnest
articles, as shown in Fig. 2b. Based on the observed results, this
echanism may  be negligible whether the amylopectin can be
ound adsorbed or non-adsorbed on particles.
Obviously it was clearly noticed that the suspensions with 10
nd 20 vol.% of the potato starch addition exhibit shear thinning
ehavior at all shear rate values while the suspensions containing
0 and 40 vol.% of starch exhibit shear thinning behavior at low
hear rate and shear thickening behavior at higher shear rate. The
ronounced shear thickening (dilatancy) for suspensions contain-
ng 30 and 40 vol.% of potato starch recorded at high shear rates is
 typical feature of well-deﬂocculated suspensions [25]. The onset
f shear thickening of the suspension is affected by solid loading,
he particle size and shape, the polydispersity, and the degree of
tabilization. Hoffman [26] suggested that shear thickening is a
onsequence of an order-to-disorder transition. In well-stabilized
uspensions, the particles are separated by a repulsive force and
ove individually, which leads to a low viscosity. The particles
rrange themselves to be well separated; therefore, the structure
s especially uniform (or “ordered”), compared to that of a ﬂoc-
ulated suspension. Below the critical shear rate (the shear rate
t which a transition from shear thinning to shear thickening
ccur), well-stabilized particles have a tendency to form a layered
tructure with close packing in the layers but higher separation
etween layers as a result of laminar ﬂow [27]. At high shear rates,
he layered arrangement becomes disrupted into a random three-
imensional structure [28]. This structural change requires greater
acking space and presents an increase in the apparent viscosity.
To gain further insight into above observations, the dynamictrain sweep of HA–potato starch suspensions was studied. The
torage modulus (G′) reﬂects the solid-like properties of a viscoelas-
ic material, while the loss modulus (G′′) reﬂects its liquid-like
haracter. Fig. 3a and b represents both the storage modulus G′(0)Fig. 3. Dynamic strain sweep for HA suspension containing various potato starch
contents: (a) elastic modulus as a function of strain amplitude and (b) viscous mod-
ulus as a function of strain amplitude.
and loss modulus G′′(0) as a function of strain amplitude at a ﬁxed
angular frequency of 1.0 rad/s for HA–(0–40 vol.%) potato starch
dispersed in aqueous media. It is observed that the storage modulus
(G′) and the loss modulus (G′′) values for HA–potato starch suspen-
sions were less than those for the HA suspension and a linear region
is clearly observed for all suspensions at relatively smaller strain
amplitude range (0 < 4%) in which the storage modulus (G′) and
the loss modulus (G′′) exhibit a constant value regardless of strain
amplitude. In addition, the storage modulus (G′) is always rela-
tively greater than the loss modulus (G′′) within a linear viscoelastic
region, indicating that the rheological behavior in this region is in
nature dominated by an elastic property rather than a viscous prop-
erty. However, the length of the linear G′ region was  decreased from
0 = 4% to 0 = 0.1% as well as the length of the linear G′′ region
was decreased from 0 = 2.6% to 0 = 0.007% with the increase of
the starch addition up to 40 wt.%, indicating a marked strain thin-
ning behavior and the change of the suspensions from partially
ﬂocculation to fully deﬂocculation state. The thinning behavior of
storage modulus (G′) of the concentrated HA–potato starch suspen-
sions recorded at small strain amplitudes may  be interpreted by the
destruction and formation of their internal structure responding to
an externally imposed stimulus. At relatively smaller strain ampli-
tudes, the entanglement density is not changed because a balanced
state is maintained between the rates of structural breakdown
and rebuilding. Hence, an elastic response to an externally applied
deformation exhibits a linear behavior, resulting in a constant mag-
nitude of storage modulus (G′). However, a nonlinear behavior takes
place at a strain amplitude range larger than larger than 4% for G′and 2.6% for G′′ where G′ and G′′ are slightly decreased up to a cer-
tain strain amplitude (0 ≈ 12%), beyond which a sharp decrease in
storage modulus is observed with increasing strain amplitude. This
may  be interpreted by the gradual increase of the rate of structural
ian Ceramic Societies 3 (2015) 108–115 113
d
t
r
q
e
m
o
b
(
s
m
t
t
p
m
l
t
m
G
t
m
f
c

o
m
i
4
m
m
0
5
10
15
20
25
70
75
80
85
90
95
0 10 20 30 40 50
C
o
m
p
re
ss
iv
e 
st
re
n
g
th
, 
M
P
a
R
el
a
ti
v
e 
d
e
n
si
ty
, 
%
Pota to starch amoun t, Vol%
Relati ve densit y,  %
Compressi ve st ren gth
Fig. 4. Effect of potato starch amount on both relative density and compressive
F
(Y.M.Z. Ahmed et al. / Journal of As
estruction accompanied by the decrease or elimination of struc-
ural reforms, leading to destroy the equilibrium between the two
ates and a reduction in entanglement density as well. As a conse-
uence, an elastic response to an externally imposed deformation
xhibits a nonlinear behavior, resulting in a decrease in storage
odulus. Also, these results refer to the remarkable weakening
f the inter-particle network among the suspension components
ased on the increase of starch addition.
The value at which the elastic modulus approaches zero
become immeasurable) is another technique for quantifying the
tructure breakdown. For most ceramic suspensions, this value is
easurable and distinctly characterizes that strain level at which
he solid-like property of the system becomes non-existent and
he viscous, liquid-like, component henceforth governs the ﬂow
roperties. Lastly, a method of quantifying the critical strain in the
aterial is to observe the inﬂection points in the curve. A straight
ine can usually be extrapolated from the ﬁrst several points on
he G′ curve from the horizontal direction. Another straight line
ay  be drawn vertically, extrapolated from the ﬁnal points of the
′ curve before its drop to zero. If these two points are extended,
hey will crossover, providing a single point measurement. This
ay  be used to deﬁne the critical strain and compared for dif-
erent samples. As given in Table 3, it can be seen that the highly
oncentrated HA suspension without starch shows the highest
c (23.7 Pa) necessary to breakdown the structure. The increase
f starch content at the expense of HA from 10 to 40 vol.% with
aintaining the solid loading, c decreased from 15.3 to 4.6 Pa,ndicating the ﬂow/gel structure existence reaches minimum at
0 wt.% starch addition. The advantage of this type of measure-
ent is the ability to deﬁne a value at which the applied energy
ust overcome in order to breakdown the structure and obtain
ig. 5. Microstructure of dried HA sample containing different percentages of potato sta
c  and d) sample containing 40% potato starch at different magniﬁcations.strength of dried HA samples.
a more non-associated type of particle arrangement. It has been
speculated that by processing under conditions with applied strain
above c, the stability may  be improved in the suspension leading
to more uniform microstructures in the formed pieces. An example
of this would be oscillating a mold a frequency above that critical
rch. (a and b) Sample containing 10% potato starch at different magniﬁcations and
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Table  3
The value of yield strength determined from dynamic strain sweep curves.
Potato starch content, vol.% Yield strength, Pa
0 23.7
10  15.3
20  10.3
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Fig. 6. Microstructure of sample containing different starch content and sintered at30 7.5
40  4.6
requency that causes particles to dissociate. Particle packing can
e improved and a higher bulk density of the cast achieved.
.2. Properties of the consolidated HA–potato starch suspensions
The relative density as well as compressive strength of the con-
olidated HA–(0–40 vol.%) potato starch suspensions is shown in
ig. 4. It was found that the relative density of HA is increased from
5.8% to 91.8% by increasing the starch content from 0% to 40%.
uch improvements can be interpreted by the successful processing
f cast objects with a higher particle packing. For the same rea-
ons, a remarkable improvement in the compressive strength of
he consolidated parts was observed, where it is increased from
.7 to 21.4 MPa  with the increase of the starch content from 0 to
0 vol.% was recorded. The improvement in sample compressive
trength with starch amount was owing to the binding effect of
he starch granules. The starch granules begin to swell by absorb-
ng water at 55–60 ◦C during heating the ceramic suspension, and
hen the starch granules are gelatinized gradually and the molecule
hains extend at >60 ◦C. In fact, the swelling and gelatinization of
he starch granules by absorbing water in situ reduce the free water
n the ceramic suspension and the consolidation occurs, forming the
reen bodies. When the starch granules absorb water and swell,
hey will create an extruding force among the ceramic particles,
eading to the ceramic particles to contact. With the gelatinization
f the starch granules, the molecule chains extend in a great extent
nd permeate into the clearance among the hydroxyapatite parti-
les and combine the particles. This will promote the consolidation
f the ceramic suspension and increase the strength of the green
odies [29]. However, the decreasing of the compressive strength
ith increasing starch addition beyond 30 vol.% may  be owing to
he high shrinkage that would occur during drying. Lyckfeldt and
erreira [7] study the effect of starch addition on the density of the
reen ceramic sample and compare the experimental values with
he predicted one for both high and low solid loading suspensions.
hey conclude that a good agreement between the experimental
nd predicted density values was found which mean that there are
o obvious dimensional changes during the consolidation/drying
rocess for suspension containing starch till speciﬁc content. While,
t high starch content there is some deviation between the exper-
mental and predicted density values suggesting some shrinkage
uring drying (Table 4).
The scanning electron micrographs for samples containing 10nd 40 vol.% potato starch at both low and high magniﬁcations
ere shown in Fig. 5. It can be seen that a homogeneous distri-
ution of the potato starch was achieved in the ﬁnal dried sample
specially for sample containing a low starch amount (10 vol.%),
able 4
ffect of potato starch amount on the properties of dried HA specimens.
Potato starch
amount, vol.%
Apparent
density, g/cm3
Relative
density, %
Compressive
strength, MPa
10 1.65 75.8 7.7
20  1.46 78.4 13.1
30  1.41 80.2 21.4
40  1.36 91.8 5.61300 ◦C for 2 h: (a) sample with 10 vol.% potato starch and (b) sample with 30 vol.%
potato starch.
Fig. 5a and b. However, with highest starch content of 40 vol.%,
although there is a good starch distribution throughout the matrix
a large crack was clearly noticeable with the presence of large
pore (Fig. 5c and d). This observation at the highest starch con-
tent can be related to a large quantity of shrinking starch granules
during drying in combination with the low density of the pro-
duced sample (Fig. 4). A matrix with low density has a tendency to
shrink during drying as there is, comparatively, much empty space
between hydroxyapatite particles. Furthermore, the shrinking of
the starch can cause a local breakdown when adhered hydroxyap-
atite particles is removed, leaving more open space [7]. However,
the presence of this crack in the sample containing 40 vol.% potato
starches easily explains the lower compressive strength of this sam-
ple.
The samples contain 10 and 30 vol.% potato starch were sub-
jected to sintering. The SEM micrographs of the sintered samples
(Fig. 6) revealed that a tremendous increase in the total poros-
ity is clearly noticeable with increasing the starch content in the
green sample. Also a great difference in the pore shape could be
mentioned from the micrographs with increasing potato starch
contents. The pore shape is changed from spherical like to irregular
one with increasing the starch content from 10 to 30 vol.%, respec-
tively. The apparent porosity was  found to be increased from 28%
to 53% by increasing the starch content in the green sample from 10
to 30 vol.%, respectively. The pore size distribution of the sintered
sample (Fig. 7) conﬁrmed this observation of increasing porosity
with increasing starch content. This is noticeable from the increas-
ing in the incremental volume with increasing starch content. On
the other hand a narrow pore size distribution, with pore widths
in the range ∼5 m is observed for both samples containing vari-
ous potato starch contents. The sample compressive strength was
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[28] W.B. Russel, The Dynamics of Colloidal Systems, University of Wisconsin Press,ig. 7. Pore size distribution of sintered sample containing various potato starch
ontent and sintered 1300 ◦C for 2 h.
ound to be highly retarded from 33 MPa  to 16 MPa  with increasing
tarch content from 10 to 30 vol.%, respectively. This reduction in
ompressive strength is convenient with increasing starch content
ccording to the tremendous increase in the total porosity as well
s the changes in the pore shape.
. Conclusions
The addition of potato starch proved to have a beneﬁcial effect
n the hydroxyapatite suspension ﬂuidity. The viscosity of high
olid loading HA suspension is largely reduced with increasing
otato starch addition from 10 to 40 vol.%. This makes the pro-
uced suspensions with starch addition are highly suitable for the
asting process. The green sample produced by a starch consoli-
ation technique was found to be homogeneous with a uniform
istribution of the starch particle in the HA matrix. The relative
ensity of the green sample as well as its compressive strength
as found to be increased with increasing amount of starch addi-
ion. This increasing in green sample properties was  found to be
ccurred for the addition of potato starch from 10 to 30 vol.%,
hile, it decreased thereafter. The decreasing in these properties
eyond 30 vol.% addition was owed to the high shrinking of the
tarch, which causes a local breakdown when adhered hydroxy-
patite particles are removed, leaving more open space. A porous
D hydroxyapatite sample would produce through the sintering of
he green sample produced by consolidation technique. Sintered
[ramic Societies 3 (2015) 108–115 115
sample of about 53% apparent porosity with narrow pore size dis-
tribution and possesses high compressive strength would produce
from sintering of green sample contained 30 vol.% starch at 1300 ◦C
for 2 h.
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